Time courses of incorporation of 13C from '3C-labelled glucose and/or acetate into the individual carbon atoms of amino acids, citrate and lactate in depolarized cerebral tissues were monitored by using '3C-n.m.r. spectroscopy. There was no change in the maximum percentage of 13C enrichments of the amino acids on depolarization, but the maxima were reached more rapidly, indicating that rates of metabolism in both glycolysis and the tricarboxylic acid cycle were accelerated. Although labelling of lactate and of citrate approached the theoretical maximum of 50 %, labelling of the amino acids was always below 20 %, suggesting that there is a metabolic pool or compartment that is inaccessible to exogenous substrates. Under resting conditions labelling of citrate and of glutamine from [1-_3C]glucose was not detected, whereas both were labelled from [2-'3C]acetate, which is considered to reflect glial metabolism. In contrast, considerable labelling of these two metabolites from [1_-3C]glucose was observed in depolarized tissues, suggesting that the increased metabolism may be due to increased consumption of glucose by glial cells. The labelling patterns on depolarization from [1-_3C]glucose alone and from both precursors ([1-'3C]glucose plus [2-'3C]acetate) were similar, which also indicates that the changes are due to increased consumption of glucose rather than acetate.
INTRODUCTION
We have previously used 13C-labelled glucose and acetate to study glial-neuronal metabolic interactions in guinea-pig cerebral-cortical slices by '3C-n.m.r. spectroscopy. Our findings are broadly in agreement with earlier 14C radiotracer studies (see Van den Berg, 1973) in that under normal conditions glutamine is more highly labelled from acetate than from glucose (BadarGoffer et al., 1990) . Our current view is that under normal conditions externally administered acetate is preferentially metabolized by glia whereas glucose, although ubiquitously metabolized, reflects primarily neuronal metabolism.
Glutamine appears to be a major precursor for the biosynthesis of the excitatory pool of neurotransmitter glutamate (Bradford et al., 1978; Hamberger et al., 1979; Ward et al., 1983) and possibly also of the inhibitory neurotransmitter 4-aminobutyrate (Tapia & Gonzalez, 1978; McGeer et al., 1983; Paulsen et al., 1988) . The site of synthesis of glutamine is attributed to the glial cells, where the enzyme glutamine synthase was found to be predominantly located (Martinez-Hernandez et al., 1977) .
In order for the neuronal network to function smoothly, these neurotransmitters, after being released into the synaptic cleft, are removed by uptake processes, many of which occur in glial cells. Glutamate was found to be taken up into retinal glia by an Na+-dependent glutamate carrier (Brew & Attwell, 1987) , and in synaptosomes glutamate, aspartate and 4-aminobutyrate were all rapidly labelled from [15N]glutamine (Yudkoff et al., 1989) .
Thus there is a constant flow of metabolites between glia and neurons that maintains normal brain function and replenishes neurotransmitter pools.
Using 13C-n.m.r. spectroscopy to study compartmentation offers the advantages of resolving individually labelled carbon atoms, together with the different isotopomers (London, 1988) . The relative proportions of the isotopomers can provide additional information on neuronal-glial interactions and flow of label between metabolites as has been described by Cerdan et al. (1990) .
In the study reported here, cerebral-cortical slices were depolarized in order to stimulate metabolism and presumably therefore also the flow of metabolites between neurons and glia. One of the questions which remained unresolved in our previous studies (Badar-Goffer et al., 1990) Vol. 282 (19: 1) at 37 'C. They were washed several times in gassed medium at 37 'C and then incubated in fresh gassed medium for 20 min to restore their maximum metabolic state (Mcllwain & Bachelard, 1985 (Badar-Goffer et al., 1990) .
Analyses
The n.m.r. conditions and calculation of 13C percentage enrichment were as described in Badar-Goffer et al. (1990) . However, in that paper, a saturation factor of 1.0 for the internal dioxan standard was implicitly assumed. This did not affect the relative 13C enrichments of the different metabolites, but it did affect the absolute calculated values. For the results reported in this paper we measured the TJ value for dioxan after addition to tissue extracts and found it to be 6.9 s, corresponding to a saturation factor of 2.06. The results for absolute percentage 13C enrichment described here are therefore lower than in BadarGoffer et al. (1990) and we believe them to be correct. Citrate and lactate were measured using the enzymic spectrophotometric methods described by Lowry & Passonneau (1972) . Amino acids were analysed in samples removed from the incubation media, at the same times as tissue samples were taken, using an LKB 4400 amino acid analyser.
RESULTS
The spectrum obtained from slices incubated with 5 mm-[2-13C]acetate and unlabelled 5 mM-D-glucose under depolarizing conditions (40 mM-K+) is shown in Fig. 1 this is to be expected as lactate formation is known to increase in such conditions. This increase with K+ is Na+-dependent, which is also observed when glycolysis is increased by electrical stimulation (Mcllwain & Bachelard, 1985) . It can be seen in the spectra (Figs. 2b and 3 ) that the high lactate production is accompanied by an alanine peak that is not detectable under resting conditions (Fig. 2a) (Table 2 ). This is reinforced by the 1H-n.m.r. spectra of one of the depolarized extracts (Fig. 4) (Table 3) .
It may be noted that the substantial labelling of citrate was always accompanied by a high enrichment of glutamine C4. This occurred in acetate-labelling studies (normal conditions) and also in glucose-labelling studies (depolarizing conditions) and suggests that the observable citrate may be associated with glial metabolism. Labelling of citrate may therefore reflect a high rate of glial metabolism.
DISCUSSION
A primary objective of these double-labelling studies was to develop a method for simultaneous observation of neuronal and glial metabolism. The conclusion from the double-label studies performed under normal conditions with [1-_3C]glucose and [2-13C]acetate was that the incorporation of label into glutamate represents mainly neuronal metabolism whereas incorporation 3, 4-aminobutyrate y-CH2; 4, aspartate 8-CH2; 5, f-N-CH2 acetylaspartate; 6, glutamate y-CH2; 7, 4-aminobutyrate y-CH2; 8, glutamate ,-CH2; 9, N-acetylaspartate CH3; 10, acetate CH3 (tentative). Lactate is the CH3 of lactate. Inositol is the CHOH of inositol. (Goldberg et al., 1966 (Cotman & Hamberger, 1978) . Glutamine is present in the blood and cerebrospinal fluid at high concentrations of around 0.5 mm (Plum, 1974) ; in vivo, it easily crosses the blood-brain barrier (Oldendorf, 1971) and in vitro it continuously moves out of slices into the superfusing medium. In a depolarization study performed by Hamberger et al. (1979) it was found that the synthesis and efflux of glutamate labelled from glucose was 3-6-fold larger when unlabelled glutamine was present in the medium than in the presence of glucose alone. The glutamate released to the medium was calculated to be 250% derived from glucose and 700% from glutamine. Furthermore, whereas the glutamate content of the tissue during depolarization with glucose alone slowly decreased, it remained constant when glutamine was also present in the medium. Our results (Table 2 ) also show a small significant decrease in the tissue content of glutamate on depolarization.
Several other studies cited in the Introduction have established the importance of glutamine as a substrate for the releasable glutamate pool. In our preparation each slice may be considered an integral system where neurons are tightly surrounded by, and in close contact with, glia; neuronal metabolism may thus be undisturbed by the absence of external glutamine if sufficient glutamine is available from synthesis de novo in the glia. However, in future studies it will be important to assess any effects of the presence of0.5 mm external glutamine on these labelling patterns.
It has been previously suggested that one possible reason that certain substrates are selectively metabolized to glutamine in the central nervous system is that they are transported only into the compartment containing glutamine synthase. Shank & Campbell (1984) reported that citrate, acetate, proline, 2-oxoglutarate, leucine, 4-aminobutyrate and glutamate were all metabolized to glutamine, but they found evidence for high-affinity carriers in astrocyte membranes only for 4-aminobutyrate and glutamate. Therefore compartmentation cannot be due solely to a localization of transport carriers, and it is possible that intact centralnervous-system tissues are structurally arranged in a way that promotes selective uptake by astrocytes when these substrates are supplied exogenously (Shank & Campbell, 1984) . What presumably occurs is that under normal conditions the glial uptake and metabolism of glucose is not as efficient as that of endogenous acetate, which more closely resembles a breakdown (or recycling) product. The results presented here suggest that the contribution of glucose to glial metabolism increases on depolarization.
